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Executive Summary

The chemicad and morphologicd variations within the straw plant and between commercid cultivars
were examined. Six commercid cultivars (Madsen, Eltan, Stephens, Lewjain, Cashup, and Rod)
were hand harvested from an experimental, irrigated plot in Maoses Lake, Washington. Four within-
field replicates of Madsen were collected and andyzed.

As expected, the average fiber length of the Moses Lake (irrigated) straw had weighted average
fiber lengths around 0.1 mm longer than straw grown in dryland conditions. With the Moses Lake
samples, the variation within the field was greater than the cultivar variation; therefore, no variation
could be distinguished between cultivars. However, greet differencesin fiber length distribution
were seen within the plant. The leaf and node sections contained more fines and less long fibers
than the internoddl sections. Pulping of only the internoda sections should reduce the fines content
and improve drainage of the pulp.

The leaves, nodes, and internodes (stems) of each plant were hand sorted and their chemica
compostions were determined. The leaf fraction contained more slica than the internodes and
nodes, thus showing a benefit of leaf remova before pulping. Variation was seen between cultivars
with Eltan leaves containing less sllica than the other leaves. Theinternodd and nodd sections of
Cashup straw contain more slica than the other cultivars. These variations may suggest an
opportunity to upgrade the raw materia through selective harvesting and possible avenues for
geneticdly dtering the whest.

Madsen whesat straw variety was pulped by vapor phase and by liquid phase conditions after
presteaming of dry, chopped straw. The former uses short impregnation and cooking times with
direct steam hesting. At optimum conditions plant stem nodes comprise the mgor part of 5%
rgjects stream. This offers a chance to purge the nodes and associated fines and slicafrom the
system. Liquid phase pulping used longer times and higher water and chemical charges. The rgects
levels were less than %6 as aresult of improved impregnation. Tota yields were about 1% less than
vapor phase pulps at the same kappa.

Bleaching conditions for the vapor phase pulps resulted in 80+2 brightness unites. The soda/AQ
and soda oxygen pulps bleached with about the same effort and smilar properties. Since low
rgject, liquid phase pulps seem to be of most interest, they were bleached to 86+ brightnesswith an
overd| bleached yield of about 40 percent. Unbleached and bleached viscosities were 32 and 20
cP, respectively, and physical properties of pure straw pulps were Smilar to literature values.

Page vii
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Executive Summary

Wheat straw pulp will likely be used in blends with wood pul ps in proportions consistent with paper
and board cost and performance specifications. For example, high-brightness communication
papers are produced by Domtar, Inc., from recycled old corrugated containers (OCC) which have
been pulped and bleached. The pulp, referred to as Crystal pulp, can be blended with bleached
wheat straw pulp to produce similar products. Blends of straw and Crysta pulp increase in dendity
with higher proportions of whest straw. The fiber Sze distribution of these two pulps are smilar, but
the latter contains somewhat larger amounts of the longer fraction. Asaresult, furnishes with larger
proportions of Crystd pulp have subgtantidly higher tear. Tendle vaues change only a smdl

amount with furnish compaostion.

Straw black liquor viscosties are subgtantidly different than in wood-based kraft liquors. Inthe
range of 20 to 40% solids and up to 70°C, straw liquor capillary viscosities exceed wood based
liquors by afactor of 2to 3. Very little dudge deposits were formed in that solids content range.

The straw black liquor hesting values were about 6300 Btw/lb. and fal within the range expected for
kraft liquors. Most of the meta's tested are within expected ranges with the exception of potassum.
That element is present in straw in high concentrations which accounts for the high black liquor
levels. Black liquor slica concentrations (170 ppm) fall well below many literature reports, but the
Seady dateleve in mill recovery circuit will probably be consderably higher.

Page viii
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1.0 Introduction

Nonwood fibers have along history as araw materid for papermaking. The use of thisraw
materid declined in Europe and North Americaduring the first haf of this century as the amount
of inexpensive and readily available wood fiber increased. Currently China produces about
one-haf of the world's nonwood pulp while Europe and North America are rdively small
contributors (FAO, 1995). These two regions consume about 60% of the world pulp and
paper production. Only four modern straw/grass fiber production sites exist in Europe and
none in the United States. 1n some situations however, nonwood plants may prove aviable
fiber source in these indudtridized regions.

Environmenta and population growth pressures are contributing to long-range changes in forest
land management practices which reduce harvest of wood for wood products and for pulp and
paper manufacture (Bruenner, 1994). At the same time cered grain crop production in the
United States generates tremendous quantities of straw. For example, three million acres of
whesat are grown in Washington state each year producing about three tons of straw per acre.
While 0.5 tons of straw per acre are required to be maintained on the soil surface for erosion
control of steeply doped ground (Veseth, 1987), the excess straw often presents problems for
subsequent field operations such as no-till seeding. Therefore, Sraw may represent a Sgnificant
fiber subgtitution opportunity. For example, pulp from cered grain straw may partidly subgtitute
for wood fiber in arange of paper and paperboard products.

Y et the utilization of this fiber source in North America has severd potentia limitations. The
foremost include amdl fiber dimengions, limiting the strength of paper products (Misra, 1987)
and paper machine operating speeds. The high inorganic content of straw creates potentia
problems in conventiona chemica recovery systems (Misra, 1987). Blends of straw and wood
pulps can provide useful paper properties; however, better understanding of straw properties
will be the bass for future developments using sgnificant amounts of thisraw materid in North
American mills.

Thiswork demondtrates that Washington state wheat straw could be successfully pulped by
soda/AQ chemistry and bleached by the DE,D sequence to fully bleached levels at about 40%
yield based on oven dry straw. Paper physical propertiesin Crysta pulp blends fit the needs
for producing fine and communication papers.

© Clean Washington Center, 1997 Page 1-1



1.0 Introduction

This project was organized in the three phases shown below.

Phase 1 Chemicd and Morphologicd Variation in Pecific
Northwest (PNW) Wheat Straw

Phase 2 Pulping (NaOH/AQ and NaOH/O,) and
Bleaching (DEoD) of Whole Madsen Straw
Phase 3 Black Liquor Characterization, Pulp Refining,
Blending with Bleached OCC Pulp, and Paper
Teding

The discussion of results follows thet pattern.

© Clean Washington Center, 1997 1-2



2.0 Wheat Straw Characterization

2.1 Background
Properties of papermaking fibers from wood or from annua crops can be influenced by both

growing conditions and genetic manipulation. For example, many studies show that wood
morphology and chemica composition vary with location, genetics, and growth conditions. The
chemica composition of both eucayptus [Beadle et al., 1996] and rice straw [Kuo and Shen,
1992] has dso been found to vary with growing location. Similar trends occur when comparing
whesgt straw chemistry and morphology from different sources. For example, reports shown in
Table 1 show that carbohydrate contents vary about + 5% (absolute), lignin +2%, ash +3%,
and slicaand extractractablesin smilar amounts. The origin of these variations may be dueto
genetics or growth conditions but is not gpparent in the reported work.

Table1l. TheChemical Composition of Wheat Straw

Aronovsky Utne &
Ali et al. et al. Mohanet | Hegbom Misra Misra
[1991] [1948] al. [1988] [1992] [1987] [1987]

Pakistan [llinois India Norway | American | Denmark
holocellulose 58.5 72.9
a-cdlulose 33.7 34.8 29-35 39.9 41.6
hemicelluloses 25.0 27.6 28.9 26-32 28.2 31.3
lignin 16-17 20.1 23.0 16-20 16.7 20.5
ash 7.58.5 8.1 9.99 4-9 6.6 3.7
dlica& slicates 4555 6.3 37 2.0
EtOH-Benzene 5.8 45 4.7 3.7 29
extr.

Like chemica content, straw cell dimensions are believed to vary with soil and growth
conditions [Utne and Hegbom, 1992]. Table 2 lists some of the reported wheet cell
dimensions. Clearly, wide ranges of properties occur in the published literature. Some may be
redl, but some may depend on measurement technique. For example the differencein fiber
length between Cheng and coworkers [1994] and Huaand Xi [1988] is extreme. A possible
explanation for the difference in vaues could be that Cheng counted dl of the cellswhile the
other authors only included the fibers in their measurements.

Page 2-1
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2.0 Wheat Straw Characterization

Table2. Morphology of Wheat Straw

Avg Length | Avg. Diam. | NAFL | WAFL | MWAFL

(mm) (mm) (mm | (mm) | (mm)
Atchison & McGovern [1987] 15 15
Cheng et al. [1994] 0.26 0.63 1.09
Hua & Xi [1988] 12.9 1.32 1.49
Mohan, et al. [1988] 15 133
(ind. min. - max.) 0.7-31 6.8-24.0
Utne and Hegbom [1992] 1.3 13

NAFL -- Numerical Average Fiber Length; WAFL -- Weighted Average Fiber Length;
MWAFL -- Mass Weighted Average Fiber Length

Since comparing reported values is difficult, several studies have specificaly looked &t the
effects of growing conditions on fiber morphology. Using common sisa and a hybrid, Gerischer
and Bester [1993] found different chemica compositions and different refining behavior which
he speculated to be due to differencesin coarseness. Ravn [1993] examined wheat straw and
found differencesin pulping and papermaking characteristics between varieties. However, such
studies have not been done for the different growing conditions and commercid cultivarsin the
PNW. Since straw from irrigated farms has higher WAFL than dryland straw [Jacobs et al .,
1996], the present study focused on only one irrigated location (Moses Lake, Washington) and
gx of the more popular commercid cultivars (Table 3).

Table3. Commercial Cultivars Examined

Cultivar Acres (%)
Madsen 22.1
Eltan 14.7
Stephens 10.5
Lewjain 6.5
Cashup 2.2
Rod 1.3

1995 Washington State Use (Hasslen, 1995)

Many of the literature reports are limited to the description of whole plant morphology and
chemicd differences. In addition, leaf, node and stem fractions may have different compostion.
The plant parts contribute sgnificantly different mass as shown in Teble 4.

Page 2-2
© Clean Washington Center, 1997



2.0 Wheat Straw Characterization

Table4. Physical Content of Wheat
Mass Percent”
Internodes 68.5
N L eaves-- Shegths 20.3
Int e Leaf Leaves--Blades 55
nterno Nodes and Fines 4.2
'\Node fBra'n and Débris 15
Ernst et al., 1960

Figurel. Sketch of Wheat

Since the distinct sections of the plant have different functions, each section may dso have
different cells and chemica compositions. Table 5 summarizes the results of Billaand Monties
[1995] and Zhang and coworkers [1990]. When examining European wheat straw, Billaand
Monties found the acid insoluble lignin (Klason lignin) content of the internodes to be higher than
the leaves and nodes. Klason ligninisonly part of the totd lignin content with soluble lignin
being the other part. Billaand Monties did not report the soluble lignin content of the different
fractions.

Table5. Chemical Compostion within Wheat Straw

I nternodes Nodes L eaves
Klason Lignin (%) 18.9+0.1 14.8+0.2 13.5+0.2
Totd Lignin (%) 2 23.22 17.48
Holocellulose (%) 71.24 56.95
Ash (%) 2 5.93 12.06
Fiber Length (mm) 1.73 0.82

1. Billaand Monties, 1995
2. Zhang, et al., 1990

With Chinese whesat straw, Zhang and coworkers found the stem section to have higher fiber
lengths than the nodes, higher holocdllulose, and less ash than the leaves. These trends suggest
improved raw materid quditiesfor the internodes, thus a potentid for upgrading the raw
meaterid by fractionating out wheet straw components with less desirable properties. Phase 1 of
this sudy will examine the potentia benefit of within plant and between cultivar fractionaion on
PNW whest straw.

Page 2-3
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2.0 Wheat Straw Characterization

2.2 MassBalances

As mentioned above, Ernst and coworkers[1960] found their baled wheat straw to contain
predominately internodes. However, this was not the case with our hand-harvested samples.
As shown in Figure 3, the mass of leaves was comparable to that of the internodes.

60.0% f

50.0%-—% ]L % %% IL%

40.0% T %

30.0% T Ol eaf
Enode

20.0% T Ointer node

M ass Balance

10.0% T

0.0%

Eltan |

Madsen [HH

Sephens |-

Cashup [
Rod

Lewjain

Commercial Wheat Cultivar

Error Barsare 95% Confidence Intervals Based on In-Field Variation of Madsen, M oses
Figure 3. Mass Balance of Straw Fractions

While the node content remained congtant through the different cultivars (~6%), some variation
was seen in the leaf and internode contents. One set of extremesis the Lewjain and Rod
cultivars which clearly had more internodal materid than leaves. If these trends carried through
after mechanica harvesting, Lewjain and Rod may be better suited to whole straw pul ping.

Mechanica harvesting of the grain bresks off some of the leaves. Using 9% leaf content asa
common reference for straw after mechanica harvesting, one can estimate the content of node
and internode after mechanica harvesting (Figures 4 and 5). Note that the estimated |eaf
content (9%) is lower than the 26% reported by Ernst and coworkers (1960). This
discrepancy should be further examined. Hand sorting after bailing would need to be done to
confirm the 9% egtimate. Even then, such atest may not hold for al commercid cultivars since
some have more brittle leaves than others.

Page 2-4
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2.0 Wheat Straw Characterization

internode |eat inter nod o
internode oY%
48% 46% 80% ’
node
11%
node
6%
Figure4. Hand-Harvested M adsen Figure5. Baled Madsen (Estimated)

While the straw fractions did not vary within the fidd, the different commercid cultivars
examined did have different quantities of leaves. All of the cultivars from this hand-harvested
sudy had high quantities of leaves. Thisleaf content would be reduced when the straw is
harvested mechanicaly and baed.

2.3 Fiber Length Distribution -- Within the Plant
Since the different sections of the plant have different functions, one may anticipate that the

sections contain different cells and different cdll distributions. Figure 6 and Table 6 describe the
fiber length distribution within the Madsen cultivar.

® L eaves Table 6. Fiber Length within Plant
A7 (Madsen)
X & Node -
7 Mass | NAFL | WAF| Fines
215 T . Internodes (%) (mm) L (%)
BT \ (mm)
51 N Whole 048 | 104 | 513
0 = =Ly “Internodes | 49 | 061 | 120 | 243
0 T T 2 Leaves | 45 | 035 | 079 | 49.0
Figure 6. Fiber Length Distribution ~Nodes 6 | 028 [ 065] 514

within the Plant (M adsen)

Theinternodad section of the plant seems to have a different fiber length distribution than the
other two fractions with the internodd section containing less fines and more long fibers. The
numerica average fiber lengths (NAFL) and weighted average fiber lengths (WAFL) reported
for the whole straw in Table 6 isfor the hand- harvested sample. |If the proportions of nodes,
internodes and leaves in mechanically-harvested straw were smilar to those estimated in Figure
5, the NAFL may increase from 0.48 mm to 0.55 mm.

Page 2-5
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2.0 Wheat Straw Characterization

Further fractionation of leaf and nodes from the internoda section may improve the fiber length
digtribution by reducing fines. Since these fines are speculated to reduce papermachine speed
and washing efficiency, such steps may be beneficid in some production lines.

24  Fiber Length -- Commercial Cultivars
While the fiber length digtribution of wheet straw can be upgraded by removing the nodes and

leaves, avariation between cultivars was not detected. Table 7 ligs the fiber length and
coarseness of the acid-chlorite, internodd pulps.

Table7. Fiber Length and Coar seness of Acid-Chlorite, Internodal Pulps

NAFL WAFL MWAFL Coarseness Fines (%)

(mm) (mm) (mm) (mg/200m) (<0.2mm)
Madsen-1 0.49 094 1.29 277 32.86
Madsen-2 0.55 112 164 3.40 26.07
Madsen-3 0.51 1.00 143 3.23 29.83
Madsen-4 0.48 0.91 1.23 3.03 32.53
Eltan 0.45 0.90 131 2.93 34.08
Stephens 0.47 0.96 1.39 3.30 3212
Lewjain 0.46 0.92 1.36 273 32.88
Cashup 0.47 0.90 127 2.80 32.54
Rod 0.51 1.08 159 347 28.76

Thein-fidd variaion in fiber length seemed dragtic with Madsen WAFL varying from

0.91 - 1.12 mm. Such extreme variation in WAFL may represent (1) a strong dependence of
fiber length on locd soil conditions which vary within afied, (2) variation in fiber length
digribution within the plant and a need for more uniform sampling of the different internoda
sections within the plant, or (3) lack of reproducibility in the delignification procedure used to
make the pulp samples. With the high in-field variation of the average fiber lengths, differences
between commercid cultivars could not be found.

Since the six cultivars used in this study were dl collected from anirrigeted location in
Washington gtate, it is useful to compare them to samples collected from different areas and
growing conditions. While such data are limited, Cheng and coworkers [1994] dso reported
average lengthsfor dl of the cdlsin hispulp. Hisresults, listed in Table 2, sated a WAFL of
0.63 for wheat straw. When comparing this fiber length to the range of WAFL found with the
1996 Moses Lake straw, 0.90-1.21 mm, adragtic difference can be seen with the 1996 Moses
Lake internoda straw giving much higher WAFL.

Page 2-6
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2.0 Wheat Straw Characterization

Jacobs and coworkers [1996] reported a variation in internoda WAFL with ssem height in
developmenta whest cultivars. These developmentd cultivars were grown in dryland conditions
with slem heights ranging from 33-121 cm. The stem heights of the 1996 Moses Lake
(irrigated) commercid cultivars ranged from 89-102 cm. This commercid cultivar rangeis
superimposed on the results of Jacobs and coworkersin Figure 7.

0.9 =
—
]
08 T * x| X )
07 + i Q| RrR=o06
‘€06 1 g
~05 T (¢}
5 o
< 04 T )
o034 0O
c
02 T =
<
01T g
%)
0 T T T T : T
0 20 40 60 80 100 120 140
stem height (cm)

Figure7. Developmental Wheat Cultivars (Dryland)

The data pointsin Figure 7 are those of the dryland developmental whegt cultivars. The
commercid irrigated WAFL, ranging from 0.90 - 1.21 mm, would be around 0.1 mm grester
than the developmenta WAFL and off of the y-axis of Figure 7. Jacobs and coworkers [1996]
aso found irrigated wheat straw pulps to have around 0.1 mm higher WAFL than those grown
in dryland conditions.

Changesin WAFL of 0.1 mm can influence the strength properties of apulp. Whilea
difference in average fiber length was not seen between the commercid cultivars, the irrigated,
commercid cultivars examined did have higher WAFL than reported for dryland locations.

25  Cell Diameter

Generdly larger diameter fibers result in better zero span tensile and can contribute to better
fiber bonding and paper stiffness, tear, and tensle. Pulps from most annual crops have mean
fiber diameters much less than softwood and dightly less than hardwoods.

Whest straw contains a broad range of morphologica structures with awiderangein
dimensons. For example, typical diametersfor wheet cdlsare: tracheids, ~5-24mm;
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2.0 Wheat Straw Characterization

parenchymacdl, ~58-142 nm; and vessels, ~42-79 mm. Clearly, diameter averages will
depend on the structures selected for measurement. For example, if dl of the cdlsare
measured, different diameter distributions and averages are obtained than when only the
tracheids are measured. Figure 8 compares the cdll diameter distribution when counting dl cells
and when just counting the tracheids. When only tracheids diameters were measured for the
Eltan cultivar, the average fiber diameter was 18.6 nm (compared to 45.8 mm when counting dl
of the cells).

70%

60%

50%

40%
OAIl Cells

30% B FibersOnly

Distribution

20% A

10% A

0% -

o O Q [@) Q

2§85 888¢88883§§

S KR8 83 B8R B8 & g & A
5§ 7

Cell Diameter (microns)

Figure8. Diameter Distributions

When comparing the cultivars and in-field variation, al cdlswereincluded in the averages. The
cell diameter digtribution within the fidd for Madsen isillugtrated in Figure 9. Since the 95%
confidence intervals overlap, no difference was seen between these pulp samples. When
comparing the different cultivars, Figure 10, the Madsen, Stephens, and Rod cultivars had
higher average cdll diameters than Eltan, Lewjain, and Cashup. This difference in average cell
diameters may be due to wider cells or to alarger quantity of parenchymaand vesselsin these
cultivars.
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Asdluded to above, dl of these cdll diameter averages (40-55 mm) are much higher than those
reported in the literature for fiber diameters (averages from 12.9-15 mm). This comparison
demondrates: 1) thewide rangein cell diameters, 2) the proportionately more low L/D materia
in straw than in softwood and hardwood, and 3) the potentia need for tracheid diameters to be
compared between the cultivars.

Straw is an interesting papermaking raw materia. Straw pulp has abroader fiber length
distribution than hardwood and a broader distribution in L/D (Runkel ratio) than hardwoods and
softwoods. The examination of potentia usesin paper/paperboard furnishes on the basis of
physica/optica properties will be a subject of Phase 3.

2.6  Chemical Composition

The lagt portion of Phase 1 was a comparison of the chemica composition within the straw and
between commercid cultivars. The chemica compogtion of the different straw fractions may
provide some ingght into the ease of pulping different fractions and the source of troublesome
componentslike slica. Identification of any variaion between cultivars may ad in identifying
hybrids which are easier to pulp or contain less non-process e ements. The chemica
composition results are summarized in Table 8.

The Tota (%) column of Table 8 should total 100, but in severd casesdoesnot Lower results
may be dueto avariety of factors. (1) A comprehensive ash balance was not done to
determine which components contained ash (like holocellulose). Reporting ash-free
carbohydrate and lignin contents may aid in solving this discrepancy. (2) The extractives may
not al be counted. (3) Some carbohydrates may have been lost from the
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2.0 Wheat Straw Characterization

holocdlulose if conditions for acid chlorite treatment were too severe. Further investigation
would need to be conducted to resolve this discrepancy.

The extractives content is quite low compared to the ethanol- benzene extractives contents
reported in Table 1. Two factors may have caused our resultsto be low. Table 8 lists acetone
extractives. More extractives are soluble in ethanol-benzene mixtures than acetone. Another
possihility isthat the eight cycles on the Soxlet may not have been sufficient to remove dl of the
acetone extractives from the straw.

The ash content of the leaves and nodes gppeared to be smilar while the ash content of the
internodes was lower than the leaves and often the nodes (Figure 11). When comparing acid
insoluble ash (slicaand dlicates) (Figure 12), the nodes and internodes were in the same range.
However, the leaves contained much more slicaand slicates. The smilar lica contentsin the
nodes and internodes match the findings of Roy and coworkers[1993] who found silicain rice
straw concentrated al dong the stem rather than being confined to the nodes.
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2.0 Wheat Straw Characterization

Table 8. Chemical Compostion of PNW Wheat Straw

Internodes
Cdluose (%)  Hemicdlulose (%) Lignin(%)'  Extradives(%) Ash(%) Totd (%)°
Madsen 36.7+1.2 34.7+25 18.0£2.0 1.1+01 7.4+09 978
Eltan 357 312 195 11 5.7 932
Stephens 357 353 19.0 10 76 98.6
Lewjan 352 323 189 10 7.2 94.6
Cashup® 483 204 19.7 11 91 985
Rod 353 352 203 09 6.8 985
Nodes
Celulose (%) Hemicdluose (%)  Lionin(%)  Extratives(%) Ash(%)  Totd (%)
Madsen 378 24.1 15.7+15 0.8£0.1 8.6+£2.2 87.1
Eltan 356 23.1 158 0.7 938 85.0
Stephens 343 259 158 06 102 86.8
Lewjan 345 209 152 11 131 84.8
Cashup 348 287 144 10 12.7 915
Rod 287 278 148 10 111 834
Leaves
Cdlulose (%) Hemicdlulose (%) Lignin (%) Extractives (%) Adh (%) Totd (%)
Madsen 326+6.8 33.4+59 20.8+38 2.4+0.1 134422 102.6
Eltan 231 288 19.7 28 87 83.0
Stephens 302 26.3 24.0 41 138 985
Lewjan 263 284 29 22 123 921
Cashup 285 29.0 242 31 151 99.9
Rod 27.0 30.0 21.1 28 111 92.0

! Cdlulose, hemicdllulose and lignin contents are not ash-free results.
*TheTotd (%) columnindudes al five columnsto theleft.

% The Cashup cdllulose and hemicdlulose results may not be reproducible.
* Ninety-five percent confidence intervals based on in-fidd variation.
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When comparing commercia cultivars, Cashup had higher sllica contents in the nodes and
internodes. The leaves in Eltan straw seemed to have less slica than the other mgor commercid
cultivars (Madsen and Stephens). These results suggest that cultivar fractionation may be beneficia
if dlicacontent isalimiting factor in a pulp production facility.

Whole straw lignin content have been reported between 16-23% (Table 1). The lignin contents of
the different plant sections listed in Table 8 would support totd lignin contents in that range. Zhang
and coworkers (1990) found the lignin content of the noda sections (23.22%) to be higher than the
leaves (17.48%). Our Moses Lake straw seems to show the opposite trend with the nodes
containing Smilar or less lignin than the leaf sections. The internodd section, which contains the
more promising fiber length digtribution, contained lignin contents of the same order of magnitude as
the leaves and dightly higher than the nodes. While differences in dengty between nodes and
internodes probably are the maor influence on pulping kinetics, the lower lignin contents of the
nodes may impact the pulping of the nodes.
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2.0 Wheat Straw Characterization

When determining the metas content of the different fractions of the different cultivars, severd of the
meta s contents were below the detection limit of the ICP. These undetectable compounds
included: slver (1 ppm detection limit), arsenic (10 ppm), beryllium (0.5 ppm), bismuth (20 ppm),
cadmium (1 ppm), cobdt (1 ppm), lithium (5 ppm), nickd (3 ppm), lead (10 ppm), antimony (10
ppm), and vanadium (1 ppm). The measurable compounds are listed in Table 9.

The compositionslisted in Table 9 are not outside the norma range for plant materids, however, the
potassum content is higher than that typica of wood. Although these compounds will not affect the
pulping and chemica recovery of wheet straw, potassum will have a negative impact on chemicd

recovery (Grace, 1985).

Table9. Rangein Metals Between Cultivars (ppm)

Chemica Compound Detection Limit

Internode Node Ledf
Aluminum, Al 20 <20-20 <20-20 40-100
Boron, B 20 <20 <20 <20-30
Barium, Ba 1 28-83 39-97 47-86
Cddum, Ca 10 1130-3300 2200-3470 5950-8230
Chromium, Cr 1 <1 <1 <1-3
Copper, Cu 2 35 313 4-6
Iron, Fe 5 21-87 22-68 88-175
Potassum, K 1000 13000-34000 20000-65000 920-1710
Magnesium, Mg 10 500-2970 930-2770 2000-2790
Manganese, Mn 05 10.4-25.1 9.3-27.2 34.9-128
Molybdenum, Mo 1 <1l-2 1-2 <l-1
Sodium, Na 50 60-260 20-1570 50-130
Phosphorus, P 20 330-1030 350-1020 920-1710
Tin, S 5 <56 <57 <57
Strontium, S 05 5.8-15.9 9.6-18.8 22.1-37.8
Zinc, Zn 1 7-24 12-25 15-24

While not al of the chemica components of the wheet have been accounted for, the chemical
composition of the Moses Lake grown wheat was comparable to other reported values save the
extractives vaues which may be mistakenly low with these samples. The silica content of the leaves
were higher than that of the nodes and internodes and some commercid cultivars had different slica
digributions than others. Thus, if dlicareduction isa priority, remova of the leaves or selective
cultivar purchasing may be beneficid.
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3.0 Pulping and Bleaching

During early discussions between cooperators in the project, we were requested to consider
methods for upgrading straw qudity by minimizing the amount of node materids. Elimination of
nodes during collection and storage steps would require modification of harvesting equipment to
mechanicaly separate nodes from sem materids. Study and engineering of such a system was
beyond the scope of this work; therefore, the focus on pulp upgrading was limited to the pul ping
System.

The denser nodal materid tendsto resist penetration by pulping chemica so pulping conditions
could be tailored to maximize delignification of ssem materid leaving nodes largely intact. These
larger particles could be separated from the single fibers which originate from the completely
pulped slem using conventiond screening equipment. Of course, in the process most fine
materid associated with the nodes and some related silicawould be purged from the pulping
system presumably upgrading paper qudity and diminating some slica from the recovery
sysem. The penalty of such asystem would be economic, primarily in the form of purchased
and pulped but unused, oversize rgects materias.

In this project, two types of pulping conditions were used. The first involved a direct, Seam-
heated cook mode with direct steaming and low water content. Asaresult, the pulping
chemica concentrations were relively high permitting a short pulping time. With the short
reaction times, the denser, poorly impregnated nodes survived the pulping intact as described
above. The conditionsin these experiments smulate some types of commercid digesters often
used for pulping nonwood plant materids.

Later discussions between the cooperators indicated a greater interest in fuller utilization of the
purchased plant materid including the denser nodes. Consequently, liquid phase pulping was
done using larger amounts of water to permit circulation of the pulping liquor through the
chopped, compacted plant materid in the digester and an externd heat exchanger loop was
used for indirect heating. This pulping configuration produces more uniform impregnation into
the plant materid. However, to maintain reasonable pulping times, the totd chemica charge
was increased to match the increased water and maintain adequate alkali concentrations during
the cook. The net result of these modified conditions includes reduction of rgect quantities to
lessthan 1%. The condition in these liquid phase cooks also smulate saverd commercid
digester systems.

Bleached straw fibers are good raw materid in blends with wood fibersfor printing papers. In
generd the unbleached pulp lignin content should be below about 2.5% (on OD pulp) whichis
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3.0 Pulping and Bleaching

equivalent to akappa number of about 18 to 20 if bleaching is preceded by an oxygen stage. In
the absence of oxygen and with atota chlorine free (TCF) bleaching sequence the pulp kappa
should fdl in the range of 10-14 to utilize economica amounts of bleaching agents. Commercid
pulping equipment incorporates features to promote impregnation of the plant materid by
pulping chemicals. Usudly presteaming removes some of the water-repelling surface wax
layers which predigooses the plant materid to imbibe water and pulping chemicas. High
pressure feeding equipment can promote more uniform dispersion of chemicasin the plant
sems. Vapor phase digesters directly apply steam to complete the pulping reactions. Thistype
of equipment utilizes lower amounts of water 0 low chemica charges il produce rdatively
high concentrations and fast reactions. However, any non-uniformity in water or chemicd
impregnation will result in some partidly reacted regions and in production of higher amounts of
high lignin rgjects. By contragt, liquid phase pulping heats the raw materia by circulating liquid
through an externd steam heated heat exchanger and percolating into the raw materid within the
digester body.

Some commercid digesters such as the Pandia contains festures of both types. The early tubes
are largely vapor phase (high congstency) while direct seaming in the later tubes produce
condensate and conditions gpproaching liquid phase. Pulping experiments in the project
included vapor and liquid phase conditions. Furthermore, the work was limited to dkaine
conditions using sodium hydroxide to support Domtar process sudies. Anthraguinone (AQ)
pul ping additives were incorporated to increase the soda pulping rates.

31 Vapor Phase Soda/ AQ Pulping

Preiminary experiments showed that presteaming conditions can have alarge impact on vapor
phase pulping results. Typicd trends are shown in Table 10 and in Figure 13 for presteaming
times of 15, 30 and 50 minutes. For example, extending the presteaming over those times at
140° C decreases 10 cut screen rejects at dl AA charges and H Factors. Generaly, the short
presteaming timeswill result in 10 to 15% rejects when pulping & 6 to 12% AA charges.
Conversdly, the longest presteaming time produces about 1 to 5% rejects at from 400 to 600 H
Factor and AA charges greater than about nine percent.

Clearly, manipulation of presteaming, H Factor, and AA charge can control the regject content.
In generd, rgjects may originate from two sources. unseparated fiber bundles and unpul ped
gem nodes. We want to minimize the former since the bundles contain useful paper meking
subgtance. Generdly we want to maximize regjection of tem nodes Since those morphologica
plant structures contain fewer tracheids and have more ash and fine plant materid. Both ash and
fines are detrimentd to papermaking. The materiad contained in rgjects at levels below about
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5% (on OD straw) contain mostly unpulped nodes. A mill process designed to purge nodes
could opt for gpproximately that reject level. A full optimization of conditions to rglect nodes
and to minimize dlicaand fines was beyond the scope of this project. However, AA charges of
about 8.5 to 10 % at 50 minutes presteaming and 450 to 550 H Factor will probably produce
rgect levels of 3% + 2 percent. More severe conditionswill likely increase slicaand finesin
the pulp and decrease paper properties.

Table 10. Soda/AQ Vapor Phase Pulping Results*

Presteam

AA. %

Rejects, %

Screen Yield, % Total Yield, %

Cook Time (min.)(on OD straw) Hfactor (on OD straw) (on OD Straw) (on OD straw) Kappa

1 15 15 800 7.6 55.0 62.6 11.9
2 15 12 600 16.0 57.0 72.9 21.7
3 30 15 800 35 42.7 46.1 10.2
4 50 12 600 3.1 48.8 51.9 13.0
5 50 6 300 14.1 44.0 58.1 495
6 50 8 320 10.1 45.7 55.8 35.2
7 50 10 500 7.1 48.5 55.6 19.0
8 50 10 400 13.3 47.9 61.2 30.8
9 50 10 500 53 45.7 51.0 17.9
10 50 10 400 13.9 53.5 67.3 43.4
11 50 8 350 7.6 43.0 50.6 29.0
12 50 8 280 10.8 41.0 51.8 42.7
13 50 8 350 8.4 45.9 54.3 26.8
14 50 8 280 15.1 43.7 58.8 41.2
15 50 8.5 350 12.0 45.8 57.8 37.8
16 50 8.5 400 8.5 45.4 53.9 34.7
17 50 85 400 6.9 425 49.4 25.4
18 50 85 500 4.7 44.6 49.3 26.1
19 50 10 500 0.9 43.5 44.4 10.4
20 50 10 500 3.1 425 45.6 10.4
21 50 10 400 5.6 47.0 52.6 14.3
22 50 10 400 4.3 42.6 41.9 11.9
25 50 10 500 3.0 41.2 44.1 13.1
26 50 10 500 3.7 41.6 45.3 13.8
27 50 10 500 6.2 41.8 48.0 17.5
28 50 10 500 3.8 42.6 46.4 13.8
29 50 10 500 5.3 44.3 49.6 18.9
30 50 10 500 2.9 43.8 46.7 16.0
* Three minute temperature rise and 20 minutes at 170 is equivalent to about 350 H Factor
* 0.05% AQ on OD Straw
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3.0 Pulping and Bleaching

Resultsin Figure 14 generdly show that tota yield drops with longer presteaming and with
higher active dkdi and H Factor. Clearly, short presteaming times will lead to tota yields from
55 to about 75% at 6 to 15% AA and H Factors of 350 to 800. As shown above, the rgects
will be high. Conversdly, increasing presteaming time to 50 minutes and pulping a 10% AA
and 500 H Factor will reducetotd yield by 5to 10 units. AA charges below about 9% will
produce high rejects and high accept kappa. AA charges of 12 to 15% will produce low
rejects and total yields of 45 to 50 percent. However, the higher AA may decrease the pulp
properties. Presteaming and pulping conditions are coupled. The choice of conditions will
follow these guiddines with loca mill economics imposad.

Figure 15 shows thet kappa number of the accept pulps (10 cut screen) aso exhibit strong
dependence on the same pulping variables. For example, pulps produced by 50 minutes
presteaming, 10% AA, and 400 to 500 H Factor have 10 to about 18 kappa number.
Shortening the presteaming to 30 minutes will increase kappa number by 10 to 25 kappa units
over the same H Factor range. Bleaching of straw pulps by smple, three stage sequences will
probably begin with unbleached pulp at from 15 to 20 kappa number. Therefore, short
presteaming times and AA charges less than 9 to 10% will be unacceptable because kappa
numbers will exceed thisrange.

Higher H Factor and AA charges (500 to 800 and 12 to 15%, respectively) will produce lower
kappa numbers. But, pulp properties and bleached yields will probably suffer. So the mgor
part of this project to date has focused on bleaching of pulpsfaling in the range of 15 to 18
kappa. The bleaching work described below utilized a blend of cooks 25 to 30 prepared by
50 minute presteaming, 10% AA, and 500 H Factor with an unbleached kappa of 16.5, total
yield of 46.7, and screened yield of 42.6% (on OD straw).

Resultsin Figure 16 compare total and screened yield over those conditions most likely of
commercid interest. Resultsat lower and higher dkdi charges are diminated for reasons
discussed above.

The equipment avallable a the University of Washington for vapor phase cooks clearly
produced deficienciesin liquor impregnation which resulted in higher rgject leves than desirable.
Commercid digesters such as the Pandia employ more efficient impregnation systems than
possible in laboratory equipment. Consequently, shorter, less damaging presteaming coupled
with the optimum akai charges and H Factor mentioned above will probably produce lower
regjects and bleachable kappa number.
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3.0 Pulping and Bleaching

3.2 Liquid Phase Soda/AQ Pulping

If lower regjects are required, liquid phase pulping may be more desirable. Liquid phase pulping
conditions more clearly mimic digesters which process wood chips and in some type of digester
designs may be applied to straw materid. However, the bulky, more porous straw requires
higher liquid/plant solid (L/W) vaues to maintain liquid circulation. In continuous straw digesters
the L/W may be about 6/1 while in smdler |aboratory digestersthe vaue isusudly 8/1. To
maintain comparable pulping rates a higher liquid ratios the sodium hydroxide charge must be
proportionately higher than used in the vapor phase cooks. Pulping results are summarized in
Table 11.
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3.0 Pulping and Bleaching

Table 11. Soda/AQ Liquid Phase Pulping Results*

Presteam AA. % Rejects, % Screen Yield, % Total Yield, %

Cook ILme_(,mm.)(Qn_QD_leam H factor LQn_QD_leaw) (on OD Straw) (on OD straw) Kappa
31 5 1864 48.1 48.4 18.6
32 5 18 7 2197 0 1 43.7 43.8 10.3
33 5 18.7 2197 0.1 43.7 43.8 10.3
34 5 18.7 2197 0.1 43.7 43.8 10.3
35 5 17.2 1964 0.2 47.4 47.6 14.5
36 5 17.2 1964 0.2 47.9 48.1 14.5

* presteam at 106C

* 8/1 liquor/wood ratio

* 1 hour temperature rise and 2 hours at 17Q is equivalent to H Factor of 1964 assuming activation
energy of 32 kcal/mole

* 0.05% AQ on OD straw

With liquid phase pulping the combination of longer pulping time and the larger volume of liquid

results in more uniform chemical impregnation of the straw than possible in the shorter vapor

phase cooks. Consequently, reject quantities are considerably lower. One might expect that

complete pulping with lower rgjects and higher accepts may produce greeter yiddsthan in

vapor phase cooks. However, the longer pulping times and larger proportion of liquid probably

as0 promote greater dissolution of hemicdlulosesin the liquid phase cooks. As aresult, the

rgects quantities are lower and tota pulp yieds are dightly lower than obtained in vapor phase

cooks at the same kappa number.

Sdlection of the pulping conditions will depend on the digester type, the pulp processng desgn
and economics, and on the raw materia codts.

3.3 Soda/Oxygen Pulping

The combination of caugtic and oxygen acts as an effective ddlignifying agent for arange of plant
materiasincluding cered grain sraw. In the present project this combination has been sudied
intwo ways. Firgt, soda/loxygen pulping of straw using vapor phase hegting has produced
bleachable pulps as described below. Second, severd of the low kappa pul ps have been
bleached as described later using an oxygen bleach stage.

While oxygen stages increase pulp line capitd costs, many designs include this technology
because of operating or environmental cost benefits. A recent study (Chen, 1996) suggests that
combinations of soda and oxygen may cause dlicawhich was dissolved from the straw in early
stages of pulping to redeposit onto the pulp as aresult of recirculation of the oxygen stage wash
filtrate. Such a system could reduce slica contamination of the black liquor by purging the slica
as adepogt on the pulp. Limited experiments were done in the present work to determine the
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effect of dkdi charge and oxygen conditions on the kagppa number and pulp yield. The
soda/oxygen pulping
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produced unbleached pulps fdling in the range 12 to 22 kappa. The conditions shown in Table
12 are mild compared to soda/AQ pulping.

Table 12. Soda/Oxygen Pulping*

AA, % Rejects, %  Screened Yield, % Total Yield, %
(on OD straw) (on OD straw)  (on OD straw)  (on OD straw) Kappa
4 39.1 22.3 61.4 44
6 28.7 30.6 59.3 31
8 25.4 31.1 56.0 24
10 15.0 40.8 55.8 16
12 4.4 48.4 52.8 12

* Cooking Conditions
-Presteam for 50 minutes at 140°C
-AQ at 0.05% on OD straw
-1 hour soak at 90°C and 1 hour at 120°C and 75 psig O2

All cooks were made using straw presteamed 50 minutes at 140° C. The straw was heated for
one hour at 90° C following impregnation with 4 to 12% akai. For each cook the digester was
then pressurized to 75 psig with oxygen and the temperature held at 120° C for one hour. The
results in Table 12 suggest that under these conditions 10 to 12 % AA will produce pulp at 12
to 18 kappa, 48 to 50% screened yield and 52 to 54% total yield. Despite the prolonged
seaming times which may dissolve some hemicdlulose, these conditions produce significant
yield improvements compared to the soda/AQ pulping.

However, dkali consumption may increase 10 to 20%, relative to soda/AQ pulping, probably
asaresult of neutradization of acids generated by the oxidation of plant materia during the

pulping.

34 Bleaching Vapor Phase Pulps

Each of the straw pulps were bleached by several sequences to compare bleach response and
physica properties. Thetarget brightnessfor the first round of tests was 85 to 87. Bleach
conditions and brightnesses are summarized in Table 13. The common sequence for al pulps
was DEoD. For soda/AQ the D, charge was based on a kappa factor of 0.24 t0 0.26. The
kappa factor was lowered to 0.24 for soda/oxygen pulp because the mild pulping conditions
may lead to easier bleaching. The soda/AQ pulps were aso prebleached with an oxygen stage
at conditions sdlected for about 50% delignification. The lower kappa soda/oxygen pulp was
bleached only with the three stage sequences shown.
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First, compare the three pulps in terms of DEoD response. The soda/AQ pulp reached 81.4
brightness under the conditions shown. Note that the chemical charges and conditions were not
optimized for al stages. Notice that the soda/oxygen pulp bleached by DE,D reaches about the
same brightness(80.2) compared to the soda/AQ when chemica charges had been adjusted to
reflect the differencesin unbleached kappa. A rigorous comparison must await the optimization
based on two pulps with close unbleached kappa numbers. However, this comparison does
not indicate great differences in the bleachability of the soda/AQ and the soda/oxygen pulps.

Refer now to the sequence ODE,D applied to the soda/AQ pulp. The former readily delignifies
in the O stage to 4.7 kappa (72% lignin removd). Thefina brightness was 78.4 when using a
kappa factor of 0.24 in the D, stage and 0.4% ClO, in the D, stage. Despite the extensive O
dage delignification, clearly higher D charges will be required for full bleaching.

3.5 Bleaching Liquid Phase Soda/AQ Pulp

Liquid phese, soda AQ pulping offers the greatest commercia interest to Domtar Snce those
process conditions minimize the pulp reects and result in kappa number of 10 to 14. Pulps at
these lignin contents should reedily reach brightness vaues of 86-88 in three bleaching stages.
Consequently, pulps numbered 32-34 in Table 11 were bleached by a DE,D sequence to the
above brightness range. The bleaching results are summarized in Table 14 and the composte
pulp reached a brightness of 86.4. This pulp was used, as described later, lone and in blends
to produce paper handsheets for testing purposes.
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Tablel3. Soda/AQ Vapor Phase Pulp Bleaching Results

Oz Stage D1 Stage Eo Stage D2 Stage
(100°C, 115 psig, 90 min, | (60°C, 30 min, 4% cons) (65°C, 45 min. 35 psig, (80°C, 120 min, 10% consis.)
3.1% NaOH) 10% Consis., 3.1% NaOH)
Initial | Bleaching Kappa Brightness | Kappa Resid. Consump. Brightness Charge Consump.  Brightness Final
Pulp Kappa| Sequence | pHout  Out Out Factor pH (%) pH out Out (%) Resid pH (%) Out Brightness
SodaAQ 16 DEoD 0.26 35 44% 118 na 11 35 98% 814 814
16 ODED 10.2 4.7 584 024 7.0 100% 121 77.5 044 6 100% 784 784

SodaQ2 12 DEoD 024 43 100% 119 73.7 121 2.6 92% 80.1 80.1

Table 14. Soda/AQ Liquid Phase Pulp Bleaching Results

Do Charge Eo Charge D1 Charge 1.5% Final
Initial | Bleaching Residual Consumption Residual Consumption
Pulp | Kappa| Sequence| KF pH (%) pH out R¥ pH (%) R¥ R¥
Soda AQ|] 10.3 DEoD 0.3 2.4 93.9 12 73.5 2 67.4 86.4 86.4
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4.0 Handsheet Testing

Handsheet papers were prepared from three types of pulps. @ unbleached, vapor phase pulps,
b) partidly bleached (80 + 2 brightness), vapor phase pulps, ¢) fully bleached (86.4 brightness),
liquid phase pulps. As dready mentioned, the liquid phase pul ps were prepared at lower kappa
and with minimum rejects and were therefore of greatest interest to Domtar. Consequently,
bleached, liquid phase pulps (86.4 brightness) were blended with Domtar Crysta pulp.

41  Vapor PhasePulps
Thin graw fibers eadlly refine to low Canadian Standard Freeness (CSF). Thesetrends are

confirmed for the present pulpsin Table 15.

Table 15. Unbleached Handsheets-- Vapor Phase Pulps

Unbleached PFI CSF Basis Weight Apparent Tensile Index Tear Index Brightness
Pulp Kappa Rev. (ml) (@/m) Density (a/cm™) (Nm/a)  1-ply (mMN m7/a) (% ISO)
NaOH/AQ 16 0 450 59.2 0.578 81.7 6.43 235
400 320 63.3 0.619 86.7 5.79 24.3
1000 240 66.2 0.708 82.0 5.55 27.2
NaOH/O2 12 0 350 61.1 0.769 69.6 7.42 36.1

Furthermore, the apparent density of these pulps range from about 1/2 to 3/4 g/nT dso asa
result of the large fraction of smdl fibers and fiber fragments. The high bond area associated
with the high paper dengity resultsin rdatively high tendle index despite the predominance of
short fibersin wheat straw. Conversdly, the tear index is lower than most wood pulps, again as
aresult of the low average fiber length.

Notice that soda/O, pulps had four kappa unit lower than soda/AQ. The higher density
probably results from the more flexible, lower lignin content fibers. Tendle strength losses
presumably come from the higher akai charges required in that process chemistry and/or pulp
damage associated with pulping to lower lignin levels using oxygen. Of course, the oxygen
treatment tended to raise the pulp brightness rel ative to the soda/AQ pulps.

Partid bleaching to brightness levels of 80 + 2 units resulted in agenera increase in apparent
dengty as shown in Table 16.
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4.0 Handsheet Testing

Table 16. Bleached Handsheets-- Vapor Phase Pulps

Bleaching PFI CSF Basis Weight Apparent Tensile Index Tear Index Brightness Opacity
Pulp Sequence Rev. (mL) (g/m2) Density (g/cm3) (N m/g) 1-ply (MmN m2/g) (% ISO) (1SO)
NaOH/AQ DEoD 0 380 66.7 0.741 85.3 7.18 814 73.0
DEoD 400 270 64.9 0.792 62.5 7.87 76.9 70.8
ODEoD 0  na 59.6 0.724 76.8 6.91 78.4 73.9
NaQOH/02 DEoD 0 315 59.8 0.817 76.6 6.76 80.1 69.3

Bleaching typically produces more flexible fibers so dengity increases. The DEoD sequence did
not contribute much lossin tensile reltive to unbleached pulps. However, insertion of the strong
oxygen sage (O) in two sequences resulted in a clear drop in tensile relative to the DEoD
sequence. The combined detriments of high capita oxygen stage costs and the strength losses
grongly favor the DE,D sequence.

4.2 Liquid Phase Pulp
Liquid phase soda/AQ pulps were eva uated more completely to support Domtar interests.

These pulps were converted to handsheets aone and in blends with Domtar supplied Crystd
pulp. To help interpret paper properties, each pulp was analyzed in triplicate for fiber properties
shown in Table 17 and in Figure 17.

Table 17. Kajaani Fiber Length and Coar seness

Numerical L. Weighted W. Weighted Coarseness
Sample Average (mm) Avg. (mm) Average (mm) (mg/m)
Crystd-1 0.49 1.39 2.37 0.075
Crysta-2 0.48 1.39 2.39 0.076
Crystd-3 0.49 141 2.39 0.074
SAQ Whest-1 0.35 0.79 1.30 0.046
SAQ Wheat-2 0.35 0.79 1.30 0.043
SAQ Whest-3 0.35 0.79 1.30 0.047
Page 4-2
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4.0 Handsheet Testing
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Figure 17. Comparison of fiber length distributions.

Old corrugated containers (OCC), the parent source of Crystd pulp, contain blends of
hardwood and softwood from kraft and semichemical processes, so the fiber length depends on
the compasition of the raw materiad and on fiber damage incurred during OCC processing. The
broad range of pulp fiber lengthsis dislayed in Figure 17. Since Crysta pulp contains
subgtantid short fiber fragments the arithmetic average amounts to about 0.49 mm. Notice that
the average is dightly greater than the straw pulp. Also notice that the number average straw
pulp fiber length agrees wdl with the whole plant number average length shown in Table 6.
Findly, the pulp length weighted average length is dightly greater than the whole plant vaue,
How could that be possble? During pulp processing, some fines were probably dissolved
leading to the larger calculated weighted average shown in Table 17 reative to Table 6.

Since paper properties depend heavily on a presencein the furnish of some long fibers,
papermakers prefer to forecast paper properties from the ca culated length weighted or mass
weighted averages. The smal amounts of longer fiber fractionsin the Crystd pulp lead to
ggnificantly higher waghted averages rdative to the straw pulp. While the difference in quantity
of longer fiber gppears smdl in Figure 17, it is Sgnificant enough to cause some differencesin
properties of paper derived from the two types of pulp.
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4.0 Handsheet Testing

Notice the coarseness of Crystal pulp exceeds the straw pulp by nearly afactor of two. Thicker
walled hardwood and softwood fibersin Crysta pulp result in sgnificantly higher mass per unit
length (coarseness) than in straw pulp. Both the length and coarseness differences will favor the
Crygd pulp in terms of strength properties.

Pulp viscogity often is used to measure fiber damage during bleaching and to forecast paper
properties. The values shown in Table 18 are averages of triplicate measurements.

Table 18. Viscosity (g/cm* sec)

unbleached SAQ: 0.32 (0.007)
bleached SAQ: 0.20 (0. 15)
values in parentheses indicate 95% confidence

Unbleached straw pulps typically have viscosity from 0.3 to 0.35 g/cm sec for arange of
sources and pulping processes (Misra, 1987). Viscosity changesin bleaching are related to
chemica-induced shortening of the cdllulose molecules comprising fiber cdl wals. Bleaching-
induced viscosity losses depend strongly on the bleach sequences and on individua stage
conditions. The bleached-pulp viscosty in Table 18 fdls at the high end reported in the
literature (Misra, 1987). Clearly, the combination of pulping and bleaching conditions needed
to produce fully bleached soda AQ (SAQ) pulpsin this study caused relatively mild fiber
damage.

For a sequence of blends shown in Table 19 ranging from pure straw pulp to pure crysta pulp,

the paper density drops about 20 percent. The shorter, more dender straw pulp will tend to
compact in adry sheet to higher dendity then the longer fiber, thicker walled crysta pulp.

Table 19. Domtar Crystal Pulp / SAQ Wheat Straw Pulp Study

Sample Brightness | Caliper | Basis Wt. Density | Opacity | Tensile Indeq Tear Index* Burst Index Porosity
(mm) (g/mn2) (g/cm”3) (Nm/g) (MN*mA"2/g) (kPa*m~2/g) (sec/100ml)

100% SAQ § 86.4 0.08 58.7 0.75 711 55.0 6.7 4.8 205
0% Crystal

75% SAQ & 87.6 0.09 60.8 0.71 71.6 57.7 7.9 4.9 132
25% Crystal

50% SAQ & 86.8 0.09 60.0 0.68 72.0 58.8 9.4 5.3 103
50% Crystal

25% SAQ & 86.3 0.09 61.2 0.65 72.4 59.3 9.9 5.4 77
75% Crystal

0% SAQ & 85.4 0.10 60.3 0.61 72.9 49.4 11.3 5.4 34

100% Crystal

* single-ply tear
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4.0 Handsheet Testing

The mixture of fiber lengths (see Figure 17) in the higher dendity and better bonded straw pulp
produces about 10% higher tendle strength then the pure crystal pulp. However, the presence
of more long fibersin the latter results in about 80% higher tear strength than in pure straw
papers. Only smdll differences are gpparent in burst strength. Blends of the two pulps fall
proportionately between the limiting cases.

The presence of more short fibers and fiber fragmentsin the straw pulp, which result in higher
paper dengity, produces a highly bonded structure with low porosty (longer time /100 ml of ar

passage).

All these physica properties are smilar in magnitude to reported results for wheat straw (Misra,
1987). Asexpected, Crystd pulp and straw pul ps have some differences in fiber morphology
and paper properties of the pure furnishes. Blends of these pulps offer opportunities for
achieving combinations of physical properties and porosity for manufacturing communication
papers.

Black liquor processing usually includes evaporation, concentration and combustion steps; flow
and process designs require information on chemica and physica properties of the liquor.
Design of evaporators and associated flow systems requires information on viscosity over a
range of solids content and temperatures. Heating vaues are incorporated in design and
performance cdculaions for combugtion recovery systems. Findly, metd dementd andlyss
permits forecasts of potentid harmful deposits on the heat transfer surfaces in evaporators and
combustion equipmen.
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5.0 Black Liquor Properties

51  Soda/AQ Liquor Viscosities

Soda/AQ (SAQ) liquors produced in liquid phase cooks 31, 32, 33 (refer to Table 11) were
andyzed in terms of solids/viscogity, inorganic/organic ratio, non-process elements evident, and
heating value to help project possble effects on commercid liquor handling steps. Al
measurements were made in duplicate with average va ues reported.

SAQ liquor was concentrated to solids contents shown in Figure 18 and the capillary
viscometry vaues were measured at the temperatures shown.
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Figure 18. Viscosity of soda/AQ black liquor at various
solids contents and temper atures.
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5.0 Black Liquor Properties

The increase in viscodity with solids content plotted in semilog scde follows typicd trends for
dkdine and acid liquor from wood pulping (Venkatesh, 1985). However, straw liquor
viscosties are Sgnificantly higher than wood based liquor over the range of temperatures and
solids content shown. For example, kraft liquor viscosity at 70° C and 40% solids will range
from 8 to 10 cP depending on wood species and pulp yield. At the same conditions, this straw
liquor has viscogty of 27.9 cP. Presumably this trend toward higher viscosties will remain at
solid contents in the range 40-60% which are typicd for economic operation of recovery
systems. Design of concentration, storage, and combustion systems must reflect these
ggnificantly higher values.

52  Soda/AQ Black Liquor Heating Values

Heating values measured by the ASTM D2015 procedure are listed in Table 20.

Table20. Straw Liquor Heating Value

Sample HHV Btulb
Soda/AQ -1 6250
Soda/AQ -2 6540

While heating va ue depends on wood species and pulp yield, typica vauesfor kraft pulping of
wood range from about 5800 to 6600 Btuw/Ib (Hough, 1985). Straw pulping conditions and
liquor composition vary from wood based systems sufficiently enough to expect some difference
in heating vaue. These pulps were prepared at totd akai charges smilar to wood pulping. The
straw pulp yield was about 2-3% lower than expected for wood. The measured
inorganic/organic ratio in the straw liquor was 0.448 which is dightly lower than wood as a
result of greater yield loss and greater quantity of dissolved organic materid contained in the
liquor. Findly, straw contains a grester proportion of lower heat content carbohydrates than
wood. The net effect of these factors leads to the heating values reported in Table 20. They are
within the range of reported wood based liquors, but probably lie at the top of the range
expected for annud crops.

53  Soda/AQ Black Liquor Metal Assay

In dkaine pulp millswith liquor burning cycles, trace metd andys's can provide some warning
of potentid process problems. For example calcium, duminum, and silica can contribute to the
formation of scales on process equipment surfaces. High potassium content may contribute to
combustion problems and severd cations may participate in smelt water explosons.
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5.0 Black Liquor Properties

The concentrations of sixteen eementsin Soda/AQ black liquors are shown in Table 20-a.
Notice the very high level of potassum which originates from the whesat Sraw. Thisleve is much
higher than occurs in wood- based systems which may contribute to changes in the recovery
furnace smelt melting temperature (Grace, 1985, pg. 115). the other elements are present at
concentrations within the range expected for wood.

The absolute quantities and the ratios of duminum and of slica often sgnd potentid problemsin
the recovery area associated with difficult to remove deposits on heat transfer surfaces.
Furthermore, high duminum and slicawill increase viscodity of smdtsand promote dag
depositsin the smdt area (Grace, 1985, pg. 184). The duminum and slica concentrationsin
this soda/AQ black liquor are well within levels reported for wood (Grace, 1985). Particularly,
the sllica content (171 ppm) is 1/10to /20 of levesreported for pulping of nonwood plants
(Misra, 1987: Chen, 1996). However, the various reports are unclear about the process
conditions under which the liquor samples were generated. Samples collected in laboratory
pulping studies without liquor cycling through arecovery sysem will likely have sgnificantly
lower duminum and slica content than the liquor collected from amill with chemica recovery
loop. The retention of these species and their concentrations in black will increase subgtantialy
as aresult of the operation of arecovery system.

While duminum and slica contents of the present black liquors appear low, the levels will likely
be higher in a soda/AQ equipped with recovery loop. Forecast of levels will depend on the
particular mill design and degree of closure and such forecasts are beyond the scope of this

project. Estimates of maximum acceptable auminum and silicalevelsin amill black liquor depend on the ratio
of thetwo metalss, but typically amount to about 400 ppm for each metal (Battan, 1997).
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5.0 Black Liquor Properties

Table 20-a. Metals Analysisof Soda/AQ Black Liquor

Metal
Aluminum
Boron
Barium
Cacium
Chromium
Copper
Iron
Magnesium
Manganese
Nickel
Phosphorus
Potassium
Sdenium
Silica
Sodium
Sulfur

Amount (hg)
13.8

185
2.84
141
0.95
6.78
13.64
10.165
1.68
7.66
738
40530
1164
171.5
77852.5
2180
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6.0 Conclusions

10.

11.

Separation of leaves and nodes will increase average fiber length.

Irrigation produces straw with average fiber length about 0.1 mm (20%) longer than dry
land farming.

Stem, nodes, and leaves of five cultivars studied contain about 7.5%, 11.5%, and 13%
ash, respectively, most of whichisdlica The Eltan cultivar has about 3¢f these
quantities for each plant segmern.

Nodes and leaves(1/2 of plant weight) contain about 2/3 of the silica, so in-fidd
fractionation will only margindly decrease the slicaload into the pulp mill.

The high plant potassum content appears as high potassum load in the black liquor.
Soda/AQ pulping can produce bleachable pulp at 10-12 kappa and about 44% yield.

DE,D bleaching of the soda/AQ pulp produces about 10% shrinkage for tota yield of
about 40 percent.

Fully bleached straw paper strength done and in blends with Crystd pulp has tensile
and tear strengths comparable to hardwood blends for fine papers.

Straw black liquors are 2-3 times more viscous than kraft/wood liquors over the range
of 5 to 40% solids and up to 70°C.

Straw black liquor heating vaues fdl in the range expected for bleachable grade
wood/kraft liquor.

Silicaand duminum content of |aboratory made straw liquors lieswell below literature
values reported for straw liquors. The steedy dtate levels of these metd ionsin afull
gzed mill with norma liquor closure would be consderably higher.
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Wheat Straw Char acterization
In Phase 1 of this project, the chemical composition and fiber morphology were compared for
sx hand-harvested commercid cultivars (Table 1) from Moses Lake, WA. The cultivars were
grown using arandomized block experiment with four replications. For each sample, the head
of the plant (which contains the grain and chaff) was hand separated and sent to Washington
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Appendix A

State University (WSU) for grain yidd determinations. A portion of the straw was then
fractionated and andlyzed. Figure 2 illugtrates the anaytica steps.

Heads =
towsu Length &
Acid Chlorite Coar seness
Ddignification
and of Whole Fiber
Harvested Diameter
Straw Hand Separate Internodes
Nodes, Leavesand| / g, ™ Aqh and Silica Determination
Internodes
(Mass Balance)

Kl_asgn > Acid_SoI_ubIe
Lignin Lignin

| Acetone <:

Extraction

alpha-
Cdlulose

Holocellulose| P

Figure 2. Flowchart of Experimental Methods

The leaves, nodes, and internodes were hand separated using scissors.  The sheaths were
added to the leef fraction. Ashing was done at 500°C. This ash was used to determine the
dlicaand slicates content, acid insoluble ash, usng SCAN C9:62.

Internodes sections were randomly selected and the composite materid was acid chlorite
ddignified usng TAPPI Method T-259 om88 adapted for larger quantities. The fiber length
distribution and coarseness of the resulting pulp was then determined using a Kgaani FS-200.
The fiber diameter distribution was determined opticaly using an image andyss system linked to
amicroscope. Theimage andys's system uses Bioscan's Optimas software. The diameters of
al cdlswereincluded in this measurement. This measurement technique resulted in large
average cell diameters. When only tracheid diameters were measured for one cultivar, average
tracheld diameter results were one-third of the average cell diameters and comparable to
literature,

The remaining node, leaf, and internode samples were sent through the Wiley Mill withal mm
screen. Each sample was then acetone extracted in a Soxlet apparatus for eight cycles. The
extractive free samples were then divided into two parts. The Klason lignin content was
determined on a portion of the sample using Effland's [1977] adaptation of TAPPI Method
T222 0s-74. This adaptation has been used successfully by Aoyama and coworkers [1993] on
bamboo and by Billaand Monties [1995] on wheet. Acid-soluble lignin was determined usng
Browning's method [1967] at 205 nm. The Klason lignin and the soluble lignin contents were
combined to report the total lignin content for each cultivar. Holocd lulose and dpha-cdlulose
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determinations were aso done using Browning's Methods [1967]. Note that none of the
holocellulose, dpha-cdlulose, and Klason lignin results were corrected for possible ash content.

With the possibility of in-fidd variation affecting chemica and morphologica results, dl four fidd
replicates were analyzed for the Madsen cultivar. With the other five commercid cultivars, only
the first replicates were tested.

Pulping and Bleaching
Soda AQ Pulping -- Vapor Phase

In Phase Il of this project, machine-harvested, whole Madsen whesat straw was pulped and
bleached by various combinations of processes. The process steps are outlined in Figure 19.
Notice that soda/AQ and soda/oxygen cooks were preceded by presteaming and chemicd
impregnation steps to ensure uniform chemica distribution in the plant materia before the vapor
phase cooks. The vapor phase cooks were madein 10 | digesters shown schematicaly in
Figure 20. Cooking steps and conditions follow the sequence below for an example using 300
g OD draw.

a. Presteamed straw at about 35% solids content is mixed in a Hobart mixer with 150 m
of dkai/AQ applied with athin spray over about five minutes of mixing. The resulting
solids content is 30 percent.

b. Thisdraw istightly compacted in cheese cloth and microwave preheated in two minutes
to about 100° C.

c. Thedigester is prehested with high pressure steam to 100° C.

d. The preheated straw bag is suspended in the digester above the predetermined
condensate leve.

e. After ar purge, the digester and contents are heated and controlled at the target
temperature by metering high pressure steam to maintain the appropriate pressure.

f. Rapid steam rdief terminates the cook.
With this procedure, condensate generated in heating the digester vessel accumulates in the

bottom of the digester, separate from the cooking straw. Of course, the condensate generated
by hegting the bag contents remains with the straw and raises the L/W ratio.
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Figure 20. Digester
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For example, 300 g (OD) at 30% solids require about 750 g of steam to heat from 100° C to
170° C. Thiswill increase the L/W ratio in the bag to 4.8/1 (» 17% solids) during the cook.

Prdiminary experiments with a thermocouple embedded in the center of the straw bag
confirmed rapid heet transfer to that location. For example, 300 g straw a 30% solids was
heated from 100° C to 170° C in about three minutes by the condensing steam. Conseguently,
these procedures result in heating the straw mass and associated moisture and pulping chemica
to the pulping temperature in atotd time of about Sx minutes. These seps and the changesin
sraw consstency roughly smulate conditionsin a Pandia digester.

Soda/O, cooks followed the same sequence of steps with the following modifications:

a  The soda-impregnated straw was held in the digester for one hour at 90° C.

b. The digester was pressurized to 75 psig with oxygen.

c. Temperature wasincreased to 120° C for one hour of pulping.
Combinations of heating time, pulping time and adkai charges shown in Tables 1 and 2 for the
two processes resulted in kappa numbers ranging from about 12 to about 45. The influence of
pulping variables on pulping results is discussed | ater.
Unbleached soda/AQ and soda/O, pulps at kappa 16 and 12 respectively were converted to
handsheets for testing. The same pulps were treated by the bleaching sequences shown in
Figure 19 with conditions and results described |ater.

Soda/AQ Pulping -- Liquid Phase

Presteamed straw in the digester was covered with soda/AQ liquid at 8/1 liquid/OD straw
(L/W) heated to 170°C.
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Appendix B

Table21. Metalsin Internodes (ppm)
Madsen | Madsen | Madsen | Madsen| | Madsen| Eltan | Stephens | Lewjain | Cashup | Rod
1 2 3 4 aqg.
Al <20 <20 <20 <20 <20 20 <20 <20 <20 <20
B <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Ba 83 36 33 36 48.25 28 30 50 62 58
Ca | 3300 | 2030 | 1550 | 1130 20025 | 2510 2330 1960 1780 | 2530
Cr <1 <1 <1 <1 <1l <1 <1 <1 <1 <1
Cu 5 4 3 3 3.75 3 3 4 3 3
Fe 28 54 44 42 42 59 41 21 87 37
K 34000 [ 15000 | 19000 | 23000 22750 | 13000| 22000 20000 | 20000 | 21000
Mg | 2970 920 700 640 13075 | 730 620 500 680 560
Mn [ 198 149 184 104 15875 | 12 156 154 25.1 145
Mo 2 <1 <1 <1 <1 1 <1 <1 <1
Na 260 160 60 60 135 430 230 280 390 150
P 1020 520 750 1030 830 420 480 330 400 440
S 6 <5 5 5 6 <5 6 5 5
S 159 108 76 58 10025 | 91 139 104 118 118
Zn 24 14 12 15 16.25 10 11 7 13 7
Table22. Metalsin Nodes (ppm)
Madsen | Madsen | Madsen | Madsen | [ Madsen | Eltan | Stephens | Lewjain | Cashup | Rod
1 2 3 4 ag.

Al <20 <20 <20 <20 <20 <20 <20 20 <20 <20
B <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Ba 54 62 78 80 68.5 40 39 97 72 67
Ca 2400 | 3200 | 3050 | 2850 2875 | 2500 3240 3080 2200 | 3470
Cr <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Cu 5 13 5 3 6.5 5 4 9 6 4
Fe 36 23 26 68 38.25 26 25 43 22 25
K 20000 | 23000 | 32000 | 39000 || 28500 | 34000| 30000 65000 | 34000 | 40000
Mg | 1700 | 2720 | 2770 | 2200 || 23475 | 1320 1230 1220 930 1150
Mn | 201 17.3 184 99 16425 | 93 156 272 23 124
Mo 1 1 2 1 125 1 2 2 1 1
Na 400 770 230 50 3625 | 680 910 1570 830 440
P 780 800 A0 910 8575 | 350 580 1020 410 490
S 5 6 5 7 5.75 <5 <5 6 <5 <5
S 119 17.2 149 124 141 9.6 188 154 137 157
Zn 24 24 2 25 2375 16 ° 25 21 13




Appendix B

Table 23. Metalsin Leaves (ppm)

Madsen | Madsen | Madsen | Madsen| | Madsen| Eltan | Stephens | Lewjain | Cashup | Rod
1 2 3 4 a/g.

Al 60 100 50 50 50 50 60 60 40 50
B <20 <20 <20 <20 <20 <20 30 30 30 30
Ba 80 86 79 a4 80.5 47 67 65 71 75
Ca | 6750 | 7550 | 7230 | 6530 7015 | 7040 8230 6250 5950 | 6990
Cr <1 <1 <1 <1 <1 <1 <1 <1 3 1
Cu 4 5 5 5 475 5 5 6 5 4
Fe 120 175 116 9% 126.75 | 159 127 139 88 106
K 11000 | 6000 | 13000 | 18000 12000 | 9000 10000 11000 | 13000 | 11000
Mg| 2420 | 2790 | 2510 | 2180 2475 | 2030 2640 2220 2360 | 2000
Mn| 701 125 904 458 82825 | 349 128 66.4 119 60
Mo| <1 1 1 1 <1 1 <1 <1 <1
Na 50 70 70 60 62.5 70 100 0 130 100
P 1140 920 1620 | 1530 13025 | 1440 1330 1710 1330 | 1060
S <5 5 6 <5 7 <5 <5 <5 <5
S 254 30.3 264 228 26225 | 221 378 237 28.7 235
Zn 17 21 15 16 17.25 19 20 24 17 18




